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Abstract 
We investigate the application of nickel-plated front contacts to front and rear emitter silicon solar cells. We compare 
identically processed p- and n-type Si solar cells featuring (i) a homogeneous phosphorus-diffused n+ front, acting as 
emitter or front surface field and (ii) a full-area aluminum-alloyed p+ rear, acting as back surface field or rear emitter. 
This results in an n+pp+ front emitter and an n+np+ rear emitter solar cell structure, respectively. We show that the 
contact annealing temperature for the thermal formation of the nickel silicide (NiSix) after the electroless Ni plating 
has a significant influence on the NiSix layer thickness. Increasing the temperature from 300 to 450 °C shifts the 
average thickness to higher values and augments deep NiSix spikes. The intensified penetration of the n+ front by the 
NiSix spikes leads to a strong degradation of the front emitter p-type Si solar cell performances due to (i) decreased 
shunt resistances and (ii) the contamination of the emitter space charge region. We demonstrate that the rear emitter 
n-type Si solar cells, in contrast, are explicitly more stable. Therefore, by applying n- instead of p-type Si as base 
material, an improved stability against the thermal Ni contact formation can be easily realized without significant 
changes in the solar cell fabrication process. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Motivation 
Today, screen-printing of silver pastes is commonly used for the front side metallization of silicon 
solar cells. Due to the high and steadily increasing Ag price [1], however, Ag pastes are one of the main 
cost drivers in industrial production [1-4]. Thus, much effort is invested in reducing the amount of Ag or 
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replacing Ag metallization pastes, with copper being a promising substitute [3]. A cheap and fast 
technique to realize the Cu front contact grid is electroplating of a nickel seed, which is subsequently 
thickened by Cu plating. Recent publications demonstrate the high potential of Ni/Cu-plated solar cells, 
which benefit from reduced optical and resistive losses due to reduced shading and low-resistance 
contacts, respectively [2, 5-7]. A major challenge for implementing Ni seed layers into the fabrication  
of conventional p-type Si solar cells, however, is to prevent Ni contamination of the space charge region 
of the phosphorus-diffused n+ emitter on the front. This contamination can occur during the  
thermal formation of the nickel silicide layer (NiSix) [8-10], which is necessary for an improved contact 
adhesion [11]. 
In this study, we apply Ni-plated front contacts to identically processed front and rear emitter solar 
cells, respectively, using the conventional processing sequence while only changing the base material 
from p- to n-type Si [12-15]. On the front, the phosphorus-diffused n+ emitter then acts as front surface 
field (FSF) and on the rear, the aluminum-alloyed p+ back surface field (BSF) then acts as emitter, 
resulting in an n+np+ solar cell structure, see Fig. 1. We investigate the thickness and homogeneity of the 
NiSix layers for different contact annealing temperatures and examine their impact on the performances of 
our p- and n-type Si solar cells.  
 
 
Fig. 1.  Schematic sketch of our p- and n-type Si solar cells featuring a homogeneous phosphorus-diffused n+ front with 
Ni/Ag-plated contact grid and a full-area screen-printed aluminum-alloyed p+ rear. For the p-type cells, this results in an n+pp+ front 
emitter, for the n-type cells in an n+np+ rear emitter structure. Ni/Cu-plated front contacts can be applied as a promising alternative 
without loss in solar cell efficiency. 
2. Experimental 
In the course of this work, we have fabricated front emitter p-type and rear emitter n-type silicon solar 
cells on 1 -zone (FZ) boron-doped p-Si and 10 phosphorus-doped n-Si wafers 
(125 × 125 mm2), respectively. We have processed four solar cells with a size of 50 × 50 mm2 on each 
wafer, using the processing sequence described in [14]. In order to assess the stability of the P-diffused n+ 
front against Ni contact annealing, we have applied two different homogeneous P doping profiles, see 
Fig. 2: (i) a profile with a sheet resistance of 65 ation of 3 × 1020 cm-3 and a 
junction depth of 520 nm, which is denoted as profile A, and (ii) a driven-in profile exhibiting a sheet 
resistance of 100  × 1019 cm-3 and a junction depth of 630 nm, which 
is denoted as profile B. 
For the fabrication of the front contacts, we applied an etching mask onto the front silicon nitride 
antireflection (AR) layer by inkjet printing and selectively etched off the AR layer in hydrofluoric acid 
(HF). We have thereby realized contact openings of 71 ± 18 μm. Directly after HF etching and rinsing in  
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Fig. 2.  Phosphorus doping profiles on the front of our solar cells measured by means of the electrochemical capacitance-voltage
technique. We have applied two different profiles: profile A (open symbols) with a thickness of 520 nm and profile B (close
symbols) with a thickness of 630 nm.
deionized water, the inkjet mask was stripped and Ni was electrochemically deposited by means of 
electroless plating [16, 17]. In order to promote contact adhesion, a nickel silicide layer was formed
during a subsequent forming gas anneal, which was carried out at four different temperatures TNi in the 
range of 300 °C to 450 °C for 10 min. Finally, this Ni seed layer was thickened by light-induced silver 
plating [18]. Please note that copper could be applied as a promising alternative without loss in solar cell
efficiency [2]. After processing, the four solar cells were cut from each wafer using a dicing saw.
Thereby, we did not cut through metal fingers or busbars.
3. Results and discussion
3.1. Influence of annealing temperature on NiSix formation
The temperature TNi of the contact annealing following the electrochemical Ni deposition strongly
influences the stoichiometry and the thickness of the nickel silicide NiSix layer [9, 19]. To investigate the 
local NiSix formation and thickness, we have prepared cross-sections of the Ni/Ag-plated contacts by ion 
polishing and carried out scanning electron microscopy (SEM), see Fig. 3. Due to the potential contrast,
Fig. 3. Cross-sectional scanning electron microscope (SEM) images of Ni-plated contacts on a Si surface textured with random 
pyramids after NiSix formation by annealing at different temperatures. For a better illustration the interface between the Ag/Ni metal 
and the NiSix layer is marked by a dashed line. Please note that the preparation of the cross sections partly led to the peeling of the
Ni or Ag metal for samples annealed at 350 or 400 °C.
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Fig. 4.  Distribution of the NiSix layer thicknesses formed by annealing at temperatures TNi in the range of 300 to 450 °C. The 
dashed lines indicate the thicknesses of the P doping profiles A and B, respectively. Although the majority of the NiSix thicknesses 
is significantly below the P profile thicknesses, there are individual deep spikes penetrating through the P-diffused n+ region. The 
amount and depth of these spikes apparently increases with rising TNi. 
the interfaces between the Ag/Ni metal, the NiSix and the silicon bulk are visible and can therefore be 
used for NiSix thickness measurements and homogeneity investigations. The local character of the NiSix 
layer, though, makes the precise determination of the thickness distribution difficult. Therefore, we have 
examined two cross-sections per temperature and measured the local NiSix thicknesses at up to 130 
different positions each. 
Almost no NiSix can be detected for annealing temperatures of 300 °C. By increasing TNi, the NiSix 
layer forms thicker, resulting in deeper penetration into the P-diffused Si surface. However, the NiSix 
does not grow homogeneously, but in local spots. We attribute this insular NiSix growth to a thin native 
silicon dioxide (SiO2) layer, which forms locally on the Si surface after HF etching and before Ni 
deposition and hinders the reaction of Ni with Si [20]. It has been reported that native SiO2 layers can 
arise during rinsing in deionized water [21]. 
Fig. 4 shows the thickness distribution of the NiSix layers for the different annealing temperatures TNi. 
An increase in TNi leads to a shift of the NiSix thickness distribution towards higher values. However, the 
average thicknesses are rather low. For the highest temperature TNi = 450 °C, for instance, nearly 90 % of 
the NiSix thicknesses are below 250 nm, but there are rather single spikes exceeding the P doping profile 
thicknesses. The amount and depth of these spikes obviously increases with increasing TNi. Please note 
that not only the annealing temperature, but also the duration of the annealing process  which was kept 
constant in this study  affects the NiSix properties [22]. 
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Fig. 5.  (a) TLM measurements taken on stripes of a front emitter p-type (squares) and a rear emitter n-type Si (circles) solar cell 
with P doping profile B for a Ni annealing temperature TNi of 450 °C. For the p-type Si cell, the deviation from the linear trend is 
caused by an increasing current through the p-type Si base and the Al rear contact via shunts. c as a function 
of TNi for rear emitter n-type Si solar cells with P doping profile A and B, respectively. We have measured the contact resistivities at 
at least five different positions on the solar cells for each temperature and doping profile.  
3.2. Contact resistivities 
To investigate the influence of the annealing temperature TNi on the contact resistivities of the 
Ni-plated contacts, we have diced 50 × 5 mm2 stripes out of our solar cells and carried out transfer length 
method (TLM) measurements [23]. Fig. 5 (a) shows the measured resistances as a function of the contact 
distance for our front emitter p-type and the corresponding rear emitter n-type Si solar cell annealed at 
TNi = 450 °C. The different slopes thereby result from the contribution of the n-Si base to the lateral 
conductivity of the FSF [15].  
For the p-type Si cell, the resistances clearly deviate from the linear trend and bend towards lower 
values for large contact distances. Here, an increasing part of the current flows through the p-Si base and 
the Al rear contact via shunts, which could be verified by first calculations using the two diode model. 
Thus, the contact resistivities cannot be determined accurately, as the resistance axis intercepts are 
significantly overestimated if a large distance range is taken into account for the linear fit. In contrast, the 
TLM measurement of our n-type Si solar cell allows for a more precise determination of the contact 
resistivities. 
Fig. 5 (b) shows the contact resist c as a function of TNi for the n-type Si solar cells featuring 
FSF doping profile A or B. The resistivities are excellently low, exhibiting slightly higher values for 
profile B due to the lower phosphorus surface doping concentration of 5 × 1019 cm-3. Interestingly, within 
the temperature range of this study, the contact resistivities can be considered as independent of TNi. Thus, 
the thicknesses of the NiSix layers, which strongly depend on TNi, do not significantly affect the contact 
properties. 
3.3. Solar cell characteristics 
In this section, we analyze the influence of the annealing process for the NiSix formation on the 
electrical properties of our p- and n-type Si solar cells. The results of the light IV and SunsVoc 
measurements can be seen in Fig. 6. 
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Fig. 6.  Effect of Ni annealing at different temperatures TNi on 
(a) the pseudo fill factor pFF, (b) the open-circuit voltage Voc 
and (c) the solar cell efficiency our front emitter p-type 
(squares) and rear emitter n-type (circles) Si solar cells with 
Ni/Ag-plated front contacts (cell area 50 × 50 mm2). Open 
symbols correspond to phosphorus doping profile A and close 
symbols to profile B, respectively. Each value corresponds to 
one separately annealed solar cell, i.e. the solar cells were not 
annealed successively. Lines are guides to the eye. 
 p-type Si solar cells with front emitter doping profile A: 
For the p-type Si solar cells with emitter doping profile A (open squares), the pseudo fill factors 
(pFF) are on a very low level and approximately independent of TNi, even for annealing temperatures 
as low as 300 °C. The cells exhibit open-circuit voltages Voc above 600 mV for TNi = 300 °C and 
show a strong Voc decrease for annealing at higher temperatures. The pFF and Voc trends correspond 
to the increasing penetration of the front n+ emitter by local NiSix spikes [8, 9], leading to (i) low 
shunt resistances even for TNi = 300 °C and (ii) an increased dark saturation current density J02 of the 
emitter space charge region (SCR) due to Ni contamination of the SCR for TNi  350 °C. Therefore, 
 strongly decrease with increasing TNi to a low level of 4.9 ± 0.4 % for 
TNi  350°C.  
As discussed in section 3.1, the average thicknesses of the NiSix layers are significantly below the 
depth of emitter doping profile A; only individual NiSix spikes penetrate through the emitter. These 
spikes, though, obviously determine the performance of the p-type Si solar cells. 
 
 p-type Si solar cells with front emitter doping profile B: 
By applying the emitter profile B with a higher thickness (close squares), the p-type Si solar cells 
become slightly more stable against the NiSix penetration into the n+ Si surface. For annealing 
temperatures TNi  400 °C, though, the electrical solar cell parameters strongly deteriorate, dropping 
to similar values as those of the solar cells with emitter profile A. Hence, the solar cell properties get  
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Fig. 7. Dark lock in thermography (DLIT) measurement of a front emitter p-type (left) and a rear emitter n-type Si solar cell (right)
with front phosphorus doping profile B at a bias voltage of 500 mV (cell area 50 × 50 mm2). Please note the different current values. 
The solar cells were annealed at TNi = 450 °C. The p-type cell shows a leakage current throughout the entire cell area, the n-type cell 
exhibits a much lower one at the cell edges.
independent of the emitter thickness and are completely determined by NiSix spiking of the front 
emitter.
n-type Si solar cells with FSF doping profile A or B:
The rear emitter n-type Si solar cells (circles), in contrast, are significantly less affected by the NiSix
formation. Enhanced NiSix penetration does not lead to shunting of the solar cells, but results in a 
deterioration of the minority carrier shielding from the NiSix layer. This has been verified by 
quantum efficiency measurements detecting a decrease of the front surface recombination velocity
(not shown). Thus, for FSF doping profile A, the open-circuit voltage and the short-circuit current 
density decrease with increasing annealing temperature TNi, resulting in a slight degradation of the
solar cell efficiencies. For doping profile B, the contacts are more effectively shielded against 
enhanced NiSix thicknesses, so that the electrical parameters of the n-type Si solar cells remain
unaffected by the annealing temperature. For both FSF profiles, the pFFs are particularly 
independent of TNi. Nevertheless, the pFF values of 80.2 ± 0.5 % are smaller than expected.
3.4. Edge recombination
To further investigate the small pFF values, we have performed dark lock in thermography (DLIT)
measurements to visualize the distribution of the leakage currents [24], see Fig. 7. As the NiSix layer 
locally shunts the front emitter of the p-type Si solar cell, the DLIT image shows leakage currents
throughout the entire cell area. The n-type Si solar cell exhibits a much smaller DLIT signal at the non-
passivated sawn edges of the solar cell, resulted from cutting the solar cells out of the large wafers after 
processing.
To quantify the edge recombination, which is mainly SCR recombination [25], we have cut up the 
solar cells, thus reducing the ratio q of cell area to cell perimeter, and carried out SunsVoc measurements
to determine pFF, see Fig. 8. Please note that we have thereby kept the metal fraction constant.
The p- and n-type Si solar cells show a fundamentally different behavior: (i) For our p-type cells, the
SCR recombination in the actual cell area is in the same order of magnitude as the edge recombination.
Therefore, by reducing q, the pFF stays constant. (ii) For our n-type Si solar cells, though, edge
recombination dominates, so that by reducing the area-to-perimeter ratio q, the pFF strongly decreases.
Extrapolating the pFF to large q values represents the case of large-area solar cells. The extrapolated pFF
value in the range of 82 % corresponds to a pFF loss of 2.0 %abs or an efficiency loss of 0.6 %abs due to
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Fig. 8.  Pseudo fill factor pFF of (a) our front emitter p-type  and (b) our rear emitter n-type Si solar cell with phosphorus doping 
profile B for different area-to-perimeter ratios q (TNi = 450 °C). Note the different scales. The smaller the ratio q, the larger the cell 
perimeter with respect to the cell area. The metallization fraction was kept constant. 
edge recombination. Taking these values into account demonstrates that the n-type Si solar cell concept 
with Al-alloyed rear emitter is well-suited for the application of Ni-plated front contacts with efficiency 
potential similar to solar cells with printed contacts [14, 15]. Future work will combine Ni-plated contacts 
with front surface fields featuring lower phosphorus surface concentrations to further improve the front 
surface passivation of our n-type Si solar cells. 
4. Summary 
In this study, we have investigated the application of nickel-plated front contacts to identically 
processed p- and n-type Si solar cells featuring (i) a homogeneous phosphorus-diffused n+ front emitter or 
front surface field (FSF) and (ii) a full-area aluminum-alloyed p+ back surface field (BSF) or rear emitter. 
To examine the effect of the thermal nickel silicide formation on the solar cell properties, we have applied 
two different phosphorus doping profiles with thicknesses of 520 and 630 nm, respectively, and 
additionally varied the temperature for the NiSix formation in the range of 300 to 450 °C.  
We have shown that the average thickness of the NiSix layer increases with rising annealing 
temperature. Although the majority of the NiSix thicknesses is significantly below the depths of the 
P  doping profiles, there are individual spikes penetrating through the diffused n+ front. The amount and 
depth of these spikes increases with increasing annealing temperature. 
We have demonstrated that Ni-plated contacts exhibit excellently low contact resistivities, which are 
particularly independent of the annealing temperature and, thus, the NiSix thicknesses. Deep NiSix spikes, 
though, considerably affect the electrical properties of our front emitter p-type Si solar cells and can lead 
to a strong degradation of the cell performances due to low shunt resistances and the creation of defects 
within the space charge region of the n+ emitter. For higher annealing temperatures, the electrical solar 
cell properties become independent of the front emitter thickness and are completely determined by local 
NiSix spiking. For our rear emitter n-type Si solar cells, the NiSix penetration into the n+ FSF surface does 
not cause shunting of the solar cells, but leads to a reduced shielding of minority carriers from the NiSix 
layer, so that the n-type Si solar cells are significantly less affected by the NiSix formation. Therefore, 
plated Ni/Cu front contacts can easily be realized without substantial changes in the solar cell fabrication 
process by using n- instead of p-type Si as base material. 
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